Abstract: Good sensing performance is observed in metal-dielectric-metal (MDM) waveguides in recent research. However, Ag will be oxidized in air. The oxidization layer makes the sensing performance not as high as before. Plating an SiO 2 film on the surface of the Ag waveguide not only can avoid oxidization but can keep good sensing performance through our numerical discussion as well. The decaying rate of electric field E at the interface and inside is also defined to illustrate the phenomenon mentioned above. We hope our findings will provide guidance for the integrated plasmonic devices.
Introduction
Surface plasmon polaritons (SPPs) propagate along the surface [1] , [2] , which have special responses such as manipulating light at the nanoscale structures [3] - [5] . Metal-dielectric-metal (MDM) waveguides are of particular interest because they are easily fabricated and have deep subwavelength confinement of light with an acceptable propagation length for SPPs [6] - [12] . Thus, the MDM waveguides can be regarded as an ideal optical element in an integrated plasmonic device, such as coupler [13] optical filter [14] , switches [15] , [16] storage [17] , and plasmonic sensors [18] - [25] . As a promising application, the plasmonic sensors based on varied systems have attracted a lot of attention in recent years. Recently, Wang et al. designed highly sensitive and wide-band tunable terahertz response of plasma waves based on graphene field effect transistors [20] . Lu et al. reported a plasmonic sensor in a waveguide system and got a figure of merit (FOM) of ∼500 [21] . Zhan et al. reported a plasmonic sensor based on plasmon induced transparency (PIT) and achieved a FOM over 22000 and the sensitivity S was as high as 40 [23] . In our recent research, we achieved a FOM of ∼59010 and the sensitivity S researched up to 75.7 in a plasmonic waveguide side-coupled with a multimode stub [25] . However, from practical point view, the Ag will be oxidized in air. Through our numerical simulations, we can find the oxidization layer has obvious effects on transmittance, FOM and sensitivity S. The sensing performance effected by the oxidization layer is not as good as before. Thus, avoiding oxidization as well as keeping good sensing performance will be a meaningful research. Fig. 1 . Multimode stub coupled to Ag waveguide with a nano layer on the surface of the Ag. The thichness of the nano layer is t i (i = 0, 1). When i = 0, the nano layer corresponds to the Ag 2 O film, while when i = 1, the nano layer corresponds to the SiO 2 film.
In our paper, we numerically discuss the infuence of oxidization layer and the SiO 2 film on the FOM, sensitivity S in a plasmonic waveguide side-coupled with a multimode stub. Interestingly, the thicker the oxidization layer, the smaller the FOM and S. However, plating an SiO 2 film on the surface of the Ag waveguides would avoid oxidization and keep good sensing performance as well. At last, we also discuss the electric field E in the stub resonator and E of bus waveguide and decaying rate of E in y axis when there is an 8 nm thickness Ag 2 O film or an 8 nm thickness SiO 2 film on the surface of the Ag waveguide, respectively. We hope our numerical research may play a guiding role in the experimental research. Fig. 1 shows an Ag waveguide side-coupled with a multimode stub resonator. There is a nano layer on the surface of the Ag, and the thichness of the nano layer is t i (i = 0, 1). When i = 0, the nano layer corresponds to the oxidization layer which may contain other element besides Ag 2 O. In order to simply illuminate the effect of oxidization layer on the sensing performance through our numerical simulations, we assume that Ag is oxidized forming an Ag 2 O film on the surface of the Ag. While i = 1, the nano layer corresponds to the SiO 2 film. The refractive index n(Ag 2 O) = 2.5 ± 0.1, with the absorption index k(Ag 2 O) = 0.11 ± 0.02 [26] . w = 50 nm, b = 485 nm and a = 300 nm are the geometric parameters. The thickness of the waveguide is 1500 nm [24] . The permittivity of Ag is described by Drude model ε(ω) = 3.7-ω 2 p /(ω 2 + i ωγ p ), with ω p = 1.38 × 10 16 rad/ s and γ p = 2.73 × 10 13 rad/ s [27] . The characteristic spectral responses of the structures are found through the finite difference time domain (FDTD) method [28] . The calculation domain is surrounded by the perfectly matched layer (PML) absorbing boundary. In the implementation, we use a nonuniform mesh. The minimum mesh size inside the oxidization layer equals 0.1 nm and gradually increases outside the oxidization to reduce the storage space and computational time [29] . A plane wave is injected and coupled into the bus waveguide, SPPs wave forms on the metallic interfaces and is confined in the waveguide. Monitors are placed at the bus waveguide to detect the incident power P in and transmitted power P out . The transmission is defined as T = P out /P in [30] .
Structure Model

Simulation and Analysis
Firstly, we numerically discuss the effect of the Ag 2 O film on the transmission spectra, FOM and sensitivity S. Transmission spectra as a function of t 0 are shown in Fig. 2(a) . We can find that the transmission spectra show red shift and the transmission peaks decrease when the thickness t 0 ranges from 0 nm to 8 nm. In order to discuss the FOM and sensitivity S in detail, we introduce the definition of the FOM and sensitivity S as [23] , [25] (c) FOM * as a function of the thickness t 0 at peak 1 (black squares), peak 2 (red dots) and peak 3 (blue triangles). (d) Sensitivity S as a function of the thickness t 0 at peak 1 (black squares), peak 2 (red dots) and peak 3 (blue triangles). where T (ω, n 0 ), T (ω, n 0 ± n) are transmissions at frequency ω for the stub with dielectric material refractive index n 0 and n 0 ± n, respectively. The transmission spectra and FOM when t 0 = 2 nm, n = 0.01 and n 0 = 1.0 are shown in Fig. 2(b) . Three FOM peaks are observed in Fig. 2(b) . A FOM * of ∼9753 at 712 nm (at peak 3) is obtained, which is much lower than the FOM * reported in our recent research [25] . Fig. 2 (c) and (d) show the FOM * and sensitivity S when t 0 increases from 0 nm to 8 nm with n = 0.01. We can find that the FOM * and sensitivity S rapidly decrease with the increasing of the thickness t 0 . The sharp decrease caused by the loss of oxidization layer goes against the sensing performance. Thus, avoiding oxidization, as well as keeping good sensing performance will be a meaningful research.
To avoid oxidization and keep good sensing performance of the plasmonic waveguide, we plate a SiO 2 film on the surface of the Ag waveguides. The SiO 2 film has a high transmittance in the range of visible light. The parameters of SiO 2 refer to the Handbook of Optical Constants in Solids [31] . The thickness of the SiO 2 film, which has an important influence on the optical properties, sensitivity S and FOM, is studied in this section. Fig. 3(b) shows the transmission spectra when t 1 = 0 nm, 4 nm, and 8 nm, respectively. We can see the transmittance at PIT windows increases slightly, and the transmittance at the Fano resonance peak decreases slightly. Then, we discuss the FOM * as a function of the thickness of the SiO 2 film at the peak 1, 2, and 3 through FDTD simulations, as shown in Fig. 3(c) . With the increasing of the thickness of the SiO 2 film t 1 , we can see the FOM * at peak 1, peak 2, and peak 3 first increases and then decreases. Fig. 3(d) shows the change of sensitivity S. We can see the sensitivity S at peak 1 and peak 2 decreases with the increasing of t 1 . However, the sensitivity S at peak 3 increases. Based on our above research, we can find plating the SiO 2 film on the surface of the Ag waveguides can avoid oxidization and keep good sensing performance as well.
In order to illustrate the phenomenon mentioned above, we investigate the electric field E qualitatively in the stub resonator at the Fano resonance peaks. Fig. 4(a) shows the electric field E in the stub resonator with 8 nm Ag 2 O film on the surface of Ag waveguide. Fig. 4(b) illustrates the electric field E in the stub resonator with 8 nm SiO 2 film on the surface of Ag waveguide. We can find that the electric field E in Fig. 4(a) is weaker than that in Fig. 4(b) . According to Fig. 2(b) , we can find that the high sensing properties come from the Fano effect caused by the interaction between SPPs mode and cavity mode in the stub. Because of the strong absorption of the Ag 2 O film, the SPPs mode can not be effectively excited, the Fano resonance becomes weak, and then the sensing properties decreases.
Next, we investigate the electric field E qualitatively near the exit of the bus waveguide in Fig. 5 . We set a y-linear monitor to detect the electric field E of the bus waveguide in y axis as shown in Fig. 5(a) . In Fig. 5(b)-(d) , we show the change of electric field E as y ranges from −50 nm to 50 nm in the range of visible light when there is no Ag 2 O or SiO 2 film, an 8 nm thickness Ag 2 O film and an 8 nm thickness SiO 2 film on the surface of Ag waveguides, respectively. We can see the electric field E decaying at interface air/SiO 2 is more slowly than that at the interface air/Ag 2 O. The loss caused by Ag 2 O film is very obvious. Because the high sensing properties come from the strong Fano and PIT effects, the oxidization layer will seriously affect the sensing properties. However, the SiO 2 film has less influence on the excitation of SPPs, so plating a SiO 2 not only can avoid the oxidization, but also can keep the high sensing performance in plasmonic waveguide. Fig. 5 qualitatively illustrates the effect of the absorption of Ag 2 O film on the sensing performance in our proposed plasmonic waveguide. At last, we quantitatively discuss the decaying rate of electric field E along with the y axis at the Fano resonances wavelengths. In Fig. 6(a) , the black line shows electric field E with the y ranges from -50 nm to 50 nm at the wavelength λ 0 = 701 nm (shown in Fig. 3(a) ) when there is no Ag 2 O or SiO 2 film on the surface of the Ag waveguide. The blue line exhibits the electric field E at the wavelength λ 1 = 736 nm (shown in Fig. 2(a) ) when there is an 8 nm thickness Ag 2 O film on the surface of the Ag waveguide. The red line demonstrates the electric field E at the wavelength λ 2 = 714 nm (shown in Fig. 3(a) ) when there is an 8 nm SiO 2 film on the surface of the waveguide. In order to investigate the decaying rate of E in y axis, we define the decaying rate τ(E) as the following form:
When the thickness t 0 = t 1 = 8 nm, we calculate the decaying rate of E at the interface air/Ag 2 O and interface air/SiO 2 τ(E i ) = (E 16 nm − E 18 nm )/ 2 nm in Fig. 6(b) (because the decaying in Fig. 6(a) is linear). We can see the τ(E i ) of interface air/Ag 2 O is much higher than τ(Ei) of interface air/SiO 2 . Then, Fig. 6(c) shows the internal decaying rate of E in Ag 2 O film and SiO 2 film τ(E q) = (E 20 nm − E 22 nm )/ 2 nm. The negative value represents electric field E increases. The decaying rate of E at the interface air/Ag (black line), Ag 2 O/Ag (blue line) and SiO 2 /Ag (red line) τ(E s) = (E 24 nm − E 26 nm )/ 2 nm are displayed in Fig. 6(d) . We can find the τ(Es) at the interface air/Ag is larger than τ(Es) at the interface SiO 2 /Ag, and the τ(Es) at the interface Ag 2 O/Ag is far less than the former two cases. The above quantitative calculation again illustrates the absorption of Ag 2 O film is much larger than that of SiO 2 film. The strong absorption of the Ag 2 O film causes the weak excition of SPPs mode, then the Fano resonance will become weak, and then, the sensing performance is not as good as before. Thus, plating SiO 2 film on the surface of Ag waveguides can avoid oxidization as well as keep good sensing performance. We hope our findings provide guidance for designing plasmonic sensors.
Conclusion
In summary, we propose a coating method to avoid oxidization and keep good sensing performance of an Ag waveguide side-coupled with a multimode stub resonator. Through our numerical simulations, we can find that the FOM and the sensitivity S also keep the high level after plating a SiO 2 film on the surface of Ag waveguides. Finally, we discuss the electric field E in y axis and decaying rate of E for qualitatively and quantitatively illustrating the loss of when there is an 8 nm thickness Ag 2 O film on the surface of the Ag waveguide and an 8 nm thickness SiO 2 film on the surface of the Ag waveguide, respectively. We hope our findings provide guidance for fundamental research of the integrated plasmonic nanosensor applications.
